Morphologically intact muscle cells were prepared by perfusing adult rat hearts with a balanced salt medium containing 0.1% collagenase and 0.2% hyaluronidase. Yields of intact cells representing up to 25% of the weight of the heart were obtained. The cells separated along the line of the intercalated discs, widi cleavage of desmosomes but with tearing of the plasma membrane in the region of the gap junction, so that when two contiguous cells were parted, the gap junction was retained intact attached to one of the cells. The fine structure of undamaged cells was indistinguishable from that of normal myocardial cells in situ, whereas damaged cells characteristically revealed numerous cytoplasmic vacuoles, clumping of myofilaments, and blebbing of the cell membrane, but morphologically normal mitochondria. The earliest lesion detected was a dilatation of the T (transverse tubular) system.
• The development of techniques for producing long-term cultures of isolated myocardial cell preparations has provided a useful tool for studies of the contraction, metabolism, pharmacology, and electrical properties of heart muscle. However, the similarity of these cultured heart cells to adult myocardial cells is uncertain. For example, the proportion of cells originating from connective tissue versus that of muscle cells varies with different culture techniques, depending partly on the age of the donor heart and duration of the culture (1) . In addition, cultured cells may lack the metabolic, structural, and functional differentiation of an adult cell population, and culturing conditions may also alter the metabolic properties of the cell (2, 3) . Since the information obtained from studies with cultured heart cells may not be applicable to the intact adult heart, the development of a method for preparing intact isolated adult heart cells would be of considerable value.
Methods have recently been developed for preparing isolated cells from solid organs such as liver and kidney by incubating tissue in a medium containing collagenase and hyaluronidase (4, 5) . An improvement of this technique, whereby the liver is continuously perfused with enzyme-containing medium, has permitted the preparation of morphologically intact cells in high yield (6) . Kono, in a Phase-contrast micrograph ofal-n Epon-embedded section of adult rat heart cells isolated by perfusion with 0.1% collagenase and 0.2% hyaluronidase. The cells in this field are representative of the shape and general appearance of most cells in the preparation. The contoured, longitudinal poles of the cells are exposed surfaces of separated intercalated discs (arrow). An area similar to that enclosed in the rectangle is depicted in Figure 2 . X600.
FIGURE 2
Electron micrograph of a small area of the cell surface of the longitudinal pole of an isolated heart cell. Hemidesmosomes (hd) remain along that portion of the membrane which was formerly part of the transverse segment of an intercalated disc. A gap junction and a fragment of an adjacent cell (f) persist along the longitudinal region of the cell membrane. Enzymatic digestion does not cleave this portion of the disc. A 20-A space separates opposing cell membranes of the gap junction (arrow, inset). X78,000; inset X 135,000.
short communication, has reported the feasibility of applying this method for preparing isolated intact cells from adult rat heart (7) . The present study describes a similar procedure which results in beating, isolated cells from rat heart in high yield. These cells, like those described by Vahouny et al. (8) , should be useful in morphologic, pharmacologic, and metabolic investigations.
Methods
Male albino rats weighing approximately 250 g each were used for this experiment. Their hearts were perfused with an enzyme-containing medium described by Howard and Pesch (9) and consisting of calcium-free Hanks' solution (10) containing collagenase, 1 hyaluronidase, 2 and 5 mM glucose.
After the animals were anesthetized with ether, their hearts were removed and retrograde perfusion through the aorta was performed as described previously (11) . The apparatus was primed with 60 ml of perfusate from which the enzymes were omitted. The heart was then mounted on the perfusion cannula and the intravascular space was washed out with 20 ml of this medium. Enzyme-containing medium (20 ml, pH 7.4) was added to a final concentration of 0.10$ collagenase and 0.20% hyaluronidase. Subsequently the hearts were perfused at 37 °C with 60 ml of the latter medium in a closed recirculating system for 30 minutes at a constant flow rate of 10 ml/min. The perfusion medium was gassed with a mixture of O 2 and CO 2 (approximately 99% O 2 and 1% CO 2 ), which maintained the pH at 7.4.
After 30 minutes of perfusion, the softened heart was transferred to a beaker, minced into small pieces, and dispersed in 20 ml of the perfusion medium. The resultant dispersion was placed in a 125-ml conical flask and gently shaken in a water bath (37°C) for 15 minutes to digest cell debris. At the end of the procedure, the dispersion was filtered through two layers of nylon mesh and centrifuged for 2 minutes at 50 X g. The separated cells were then resuspended in calcium-and glucose-free balanced salt solution and stored on ice.
Before washing, a portion of the suspension was fixed in 1% paraformaldehyde (12) and 3% distilled glutaraldehyde (13) After fixation, the tissue was processed with buffered 0.5% uranyl acetate containing 4% sucrose for 1 hour at room temperature. Rapid dehydration in an ascending series of ethanols was succeeded by immersion in propylene oxide and embedding in Epon. One-micron sections, cut with glass knives mounted on an MT-2 Porter-Blum microtome, were stained with toluidine blue for light-microscopic examination. Selected fields were photographed with a Zeiss photomicroscope at an original magnification of 400 X.
Silver-to-gray thin sections, cut with a diamond knife and mounted on formvar-and carboncoated copper grids, were subsequently stained with an aqueous solution of 5% uranyl acetate, followed by Millonig's alkaline lead stain. Electron micrographs were taken at original magnifications of 2,000 to 30,000 X with a Siemens Elmiskop la operating at 80 kv with a double condenser and a 50-/X, objective aperture.
Results
Cell Yield and Morphology.-In 14 experiments, yields of 11 to 25% of the whole heart were obtained as isolated cells, calculated on the basis of TCA-insoluble dry weight (6), with a mean yield of 18$. When 2 mM calcium chloride was included in the perfusion medium, the heart softened more rapidly than when perfused with a calcium-free medium, and quickly disintegrated upon dispersion in fresh medium. However, microscopic inspection revealed no intact cells, and the suspension appeared identical to heart preparations homogenized without exposure to enzymes.
Observed by microscopy, the preparations mainly consisted of muscle cells; endothelial and connective tissue cells were very rare. Approximately 50% of the isolated cells appeared morphologically intact, and of these, up to 25% demonstrated spontaneous contraction, even though suspended in calcium-free medium. Such contraction was irregular, represented by an undulating motion which may have originated at either or both poles of the cell. Addition of 1 mM calcium chloride to the cell suspension usually increased the number of contracting intact cells to about 50%. In contrast, cells exposed to 2 mM ATP or 682 BERRY, FRIEND, SCHEUER FIGURE 3 Intact isolated heart cell. The central portions of isolated cells with intact gap junctions appear identical to cells of heart muscle fixed in situ. Mitochondria with distinctly angular cristae (inset) are common, m, mitochondrion; n, nucleus. Xl0,000; inset x28,000.
EDTA did not contract. Unfixed cells examined by light microscopy at room temperature tended to deteriorate rapidly, round up, and lose their ordered structure. Addition of 1 mM calcium chloride accelerated this process. However, cell preparations kept at 4°C overnight retained their structural integrity and resumed spontaneous contraction when warmed on the microscope stage. Figure 1 is a light micrograph of a fixed and embedded unwashed preparation.
Fine Structure.-Approximately two-thirds of the cells examined by electron microscopy were morphologically intact. Among the intact cells, the only notable alteration in cardiac muscle structure was seen along the inter- Damaged isolated heart cell. Cells with damaged membranes, their gap junctions probably torn during the isolation procedure, are contracted and reveal marked vacuolization (v). Most of the vacuoles are dilated elements of the transverse tubular system. Fewer mitochondria than those in intact cells have angular cristae but are otherwise similar in appearance (inset). 1, lipid; cm, cell membrane. X16.000; inset x45,000. Mitochondria extruded from severely damaged cells vary widely in cristal configuration, size and metrical density. Figure 5 Xl4,000; Figure 6 X40,000. calated disc-that is, the elaborate surface modification, composed of multiple series of desmosomes (maculae adherentes [14] ) oriented transversely at the cell poles, separated by occasional gap junctions (15) (maculae or fasciae occludentes [16] oriented longitudinally. The desmosomes were fully cleaved, giving the separated, deeply contoured surface the appearance of a hemidesmosomestudded membrane (Fig. 2) . The gap junctions, however, remained intact. In these regions, the plasma membrane of the intact cell retained cell membrane segments of formerly contiguous cells (inset, Fig. 2 ). Frequently these torn membranes were folded and sometimes appeared sectioned several times within a single field. Some such images may represent remnants of disrupted myoneural junctions. Others, without identifiable junctional modifications, may represent the remains of tubular projections (17) torn from formerly apposing cardiac muscle cells.
Most of these morphologically intact car-diac muscle cells were preserved in a state of partial contraction. Consequently, Z-lines clearly delimited the sarcomere, and I and A bands were prominent, while H and M bands were difficult to identify (Fig. 3) . Mitochondria, aligned between the myofibrils, contained closely spaced angular cristae (inset, Fig. 3 ). A few lipid droplets abutted on outer mitochondrial membranes. Cisternae of the endoplasmic reticulum, invaginations of the plasma membrane, and saccules of the Golgi apparatus were tubular in profile. The method of tissue preparation-prolonged immersion in uranyl acetate-precluded the demonstration of glycogen. Severely damaged cells characteristically displayed numerous cytoplasmic vacuoles, clumping of myofilaments, and outward blebbing of the cell membrane. In early stages of cell degeneration, the vacuoles exclusively were dilatations of sarcolemmal invaginations (T system) ( Fig. 4 ). Cristae of mitochondria in these cells possessed the same configuration as the mitochondrial cristae of intact cells (inset, Fig. 4 ). The matrix of mitochondria in severely injured cells, however, was usually denser. Mitochondria, commonly extruded from injured cells, varied widely in size, cristal configuration, and matrical density (Figs. 5  and 6) .
Respiratory Activity-The results of four representative experiments are given in Table  1 . Respiration in the presence or absence of added substrates was linear for 30 to 60 minutes. The endogenous oxygen uptake (QO2) values obtained were reduced by washing the cells once and resuspending them in fresh medium, but they were still approximately two to three times those observed in heart muscle slices (18) or the arrested isolated perfused heart (19) . The QO 2 was consistently stimulated more than 50% in the presence of 10 mM pyruvate, but, as in the perfused heart (20), 10 mM lactate did not increase respiration above endogenous levels.
Discussion
This report describes a new technique for the preparation of intact isolated cells from adult rat heart in high yield. As in studies of liver (6) , this technique has contributed much to the understanding of structures which maintain cells in apposition. Consistent with the observations of Muir (21) concerning the separation of embryonic cardiac muscle cells following perfusion with calcium-free medium, cleavage of desmosomes without notable dissolution of gap junctions was evident after Circulation Research, Vol. XXVI, June 1970 perfusion of the heart with calcium-free medium containing hyaluronidase and collagenase. These findings indicate that, whereas desmosomes are readily cleaved by this treatment, neither calcium depletion nor enzymatic digestion affects the integrity of the gap junction, which is mechanically torn from apposing cells. Moreover, when hearts are perfused with a calcium-containing medium, no free intact cells are obtained, implying, as suggested by Muir (21) , that calcium ions are involved in desmosomal integrity in the transverse region of the intercalated disc. Contrary to our observations on liver cells, within a similar period between perfusion and fixation (less than 45 minutes), all the cleaved desmosomes did not undergo resorption by endocytosis, although in situ dissolution of desmosomal plaques and fibrils was noted.
Increased cellular contraction in response to added calcium ions and decreased contraction in response to EDTA and ATP indicate that the preparation should prove useful for studying the effects of both physiologic and pharmacologic agents. Furthermore, the cells should be an excellent tool for investigating the effects of hypoxia and other deleterious agents on myocardial morphology. The deterioration of the cells at room temperature under hypoxic conditions can be monitored continuously by phase-contrast or sequentially by electron microscopy. Preliminary observations have already demonstrated that marked vacuolization of the T system precedes any measurable morphologic change in mito-chondria. Green et al. (22) have described changes in the conformation of mitochondrial cristae which they correlate with the functional state of the cell. These cristal configurations (viz., energized, energized-twisted, or nonenergized) were rarely observed in the mitochondria of intact cells, but all three classes were frequently found in mitochondria extruded from damaged cells and were often apparent in the same field.
Initial metabolic studies indicate the existence of an endogenous respiration substantially greater than that seen in heart slices or the arrested perfused heart. The endogenous respiration was linear for 30 to 40 minutes and then declined in a manner similar to that noted in the isolated perfused heart. Probably this decline was associated with the consumption of available endogenous substrate, since respiration remained linear in the presence of added pyruvate. The reduction of endogenous respiration by additional washing of the cells also implies that substrates or cofactors were removed by this treatment. The high rate of endogenous O2 uptake may be due to the removal of relatively metabolically inert tissue, such as endothelium or collagen, during preparation. Alternately, the high rate of respiration may reflect cellular contractile activity, since contracting cells would be expected to exhibit a higher rate of oxygen uptake than the cells of an arrested heart (19, 23) . There is also the possibility that the high respiratory rate may reflect an uncoupling of respiration in the mitochondria of damaged cells, since a significant proportion of the cells are seen to be damaged after incubation in the respirometer. The myocardial cells appear more susceptible to damage than intact isolated liver cells (6) , and it is evident that considerably more work must be done to define the optimal incubation medium and to correlate myocardial morphology and functional state.
